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systematic search for zero temperature coeificient of atoustic surface

wave-delay has been made on the materials, TeOg, quartz, LiTaOg and‘LiNbO3.’
Such temperature compensated orientations are needed for application to wide-
band multifunction modems and other sighal processing devices.
- Two temperature compensated cuts of TeOg have-been discovered. These
- two orientations possess simultaneously zero temperature coefficients of delay,
= zero power flow angles and ultra-low surface wave velocities (1387 and 1424,

~ | m/sec). This last property allows.long time delays in.short spaces with con-
X sequent reductions in size and weight. The piezoelectric coupling parameters
3 (av/v) for these orientations are 2 X 10~5.and 8 x 1079.
§ - The lowest temperature cocfficient of delay on LiTaOg was found to be
23.ppm/OC for an orientation having 1.559 of beam steering. The sacrifice of
several parts per miliion in-temperature sensitivity (to 30-and 33 ppm/°C)
%, yields two-pure mode orientations having velocities of 3300'm/sec and moderate
coupling (Av/v = 0.0037 and 0. 0045). An orientation of LiTaOg has been dis-
covered having substantially higher coupling (Av/v = 0.0084) than any previously
known. '
< The 41. 59 rotated cut, X-propagating orientation of LiNbO3 has a tem-
perature coefficient of delay of 72 ppm/OC which is the best yet found for this
material.

i

y
<

DD, oM, 473

R Unclasyified
Securty Classification

saaton A ol

3 4i%

b
«

Lre-w

AP . . =




T I AR ETTIER b+ U Y ey .
’ > ATy it

Lakiad
1N

C ey

RS 4

vy, o

™

(X

B

Unclassified
Security Classification *

o

e T T i S

6, ) N
Kg!«'ORDS -

TlRINk A LNk e

LINK::'

ROLE.

T owr ROLE wY ROL

|

£

Accustic surface waves
Temperature- coefficient-of delay
Temperature coéfficient of-velocity
* Acoustic sirfacé wave velocities
Coupling to interdigital transducers
Surface wave .pure mode axeg
- Tel drium dioxide
Lithium tantalaie
Microwave: acoustxc material constants
Acoustic signal processing
Quartz -
Lithium niobate
1 Surrace wave-numerical data
. ‘Wave propagation
Piezoelectric materials
Acoustic delay lines
Zero'temperature coefficient cuts of T20,
Surface‘wave power flow angle -

s

Py

Unclassified

Security Clossification




Pad Na
\ <

-3

O

AFCRL-72,:0082
22’DECEMBER 197
PHYSICAL SCIENCES RESEARCH PAPERS, NO. 477. N e -
a S
P
o
,’/’%
MICROWAVE PHYSICS:LABORATGRY PROJECT 5635 %’:3 T

AIR FORCE CAMBRIDGE RESEARCH LABORATORIES

L. 6. HANSCON. FIELD,:BEDFORD, LASSACHISETTS

The Temperature Coefficients of Acoustic
Surface Wave Velocity and Delay on
Lithium Miobate, Lithium Tantalate,
Quartz, and Tellurium Dioxide

ANDREW J. SLOBODNIK, i

Approved for public relcase; distribution unlimited. |

AIR FORCE SYSTEMS COMMAND T
United States Air Force N {




L N3 = - s s S S == - TR

1- i
) =
L
p v y
_ ¢ .
. ! ¢
/‘///
) o
: B _ _ Abstract.

A systemaiic search for zero temperaturécoefficient of acoustic. surface wave
delay.has beén made on‘the materiais TeOy, quartz, LiTaOgz and LiNbOy. Such
temperature compensated.orientations-are needed for application to wideband

] multi-function modems.and other signal processing devices.
) Two temperature compensated cuts of TeO, have been discoversd. These two.
3 orientations possess simultaneously zero temperature coefficients of delay. zero - ) !
power flow angles and ultra-low surface wave velocities (1387 and 1424 m /sec). '
This last property allows long.time delays in short spaces with consequent reduc-
tions in size and weight. The piczoelectric-coupling-parameters (Av/v) for these
orientations are 2 x 10~% and-g-x 1075, -
- The lowest temperature coefficient of delaywon LiTaOg was.found to -be 273
ppm/OC fciran orientation having 1.55° of beam steering. The sacrifice of several
parts per million in temperature sensitivity (to 30 and 33 ppm/°C) yields twa pure
mode orientations having velocities of 3300 m/sec.and moderate coupling (Avlv =
0.0037 and 0.0045). An orientation of LiTaOg3 has been dircovered having suh-
stantially higher coupling (Av/v = 0. 0084) than any previously kuowr.
The 41. 50 rotated cut, X-propagating.orientation of LiNbC3 has-a temperature
coefficient.of delay of 72 ppm/©C which is the best yet-found for this materal..
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‘Preface

This work Waﬁ“unde.rt_akeu in responsé to the Rome Air Developnient Center
(RATDC) Research Need 71-21.as documiented on AF Form 111 and entitled
"Research on Surface Wavé Phenomena for Application to Wideband Multi-Function
Modems. " Thé following statements are quoted from this docurnent. 'New ma-
terials-or cut orientations are needed which can support acoustic surface waves
and-which possess zero‘or very small temperature coefgicients'w‘.’ah’low insertion

loss." 'Currently, the most popular materisis used to provide sighal processing

functions with acoustic surface waves are the piezoelectrics. Of those used, only
the:STcut of quartz prov'des a zero-temperature coefficient over any appi cciable

range. " .
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The Temperature Coefficients of Acoustic
Surface Wave Velocity and Delay on
Lithium Niobate, Lithium Tantalate,
‘Quartz, and Tellurium Dioxide

1. INTRODUCTION

Surface wave-acousti¢ devices are currertly coming into widespread systems
use for the performarice of a variety of delay and signal processing. functions (Bush
et al, '1970; Bush, 1971). However, for many applications it is highly desirable to
use a temperature compensated cut to support the surface waves, that is, .a crystal-
line orientationhaving zero temperature coefficient of delay. In.fact,~Carr etal
(1871),have shown. that a limitation on the application of surface wave-encoders-and
decoders to multiple-access, secure communications systems is the degradation
of the neak-to-sidelobe ratio:f the-autocorrelation function.due to temperature
differrences.

In spite of several recent theoretical and experimerital searches (Schulz et al,
1970; Holland' and:Schulz, 1970; Welsh, 1971; Lewis etal, 1971, and Schulz and
Holland, 1971) the only iemperature compensated cuts presently known are on «
quartz. ‘The mnst widely used is the ST-cut, X-propagating cricntation discovered
by Schulz et a1-(1970¢), Unfortunately, crystalline quartz possesses a very low
piezoelectric coupling constant which.leads to undesirably high incertion losses for
ahy devices corstructed using this material,

Two matérials. which-have relatively high piezoelectric coupling are lithium
niobate and lithium tantalate.. An orientation having zero temperature coefficient -

(Received for publication 17 December 1971)
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Here Tis- temperatnre and vg is the surface wave velocity. & desired:-tempers-
_-ture compensated cut occurs at room: temperamre\whenever "q. (i) “équals zero
for- TI 5°C. -
Forrthe purposes. of numencal calculation, the following approximahon to
Egq. (1} was used 0 corapute the- temp'rature caefficient of velocxty {for TeOy ;
T - 200C was used ag” the center“reference temperamre)

T X Bl b
v TR et
Lo e e oS
. B Lo
f
1
'

2 . = .
';\,;g. ; _ . . :

. r [v *35°C) ~Y, (1 %)] L ;
Z ) N :,’ ) mv -~ ‘i! ‘( Soc) -‘._*,, 20°C I TR 2 ) - o (2) B )
g8 .

kv« - The»a ctual procedure consisied of three. sieps' T ) -

- S

g " I .Coniputation-of material _constants at 15°C 25°C and 35°C

c ‘ (10°C, 20°C and:30°C for TeQ,)

‘i . ( II Computation of surface wave velocities at each of these temperatures

. ’ using the results. < stepl ) - 2
L III Use.of Eq, 2} i compute TCV., .

‘ B As the surface ¥, :»;ﬁ:eincity»i‘s highly anisotropic, each of these three steps had

o ~ i to be repeated ticiie degree intervals for all orientations investigated.

. ’ Step I was accomplistied using the teraperature cc.)e'l‘ficients of the material

,consianté'th--n‘selues, as tabulated in Appendix A, in conjunction with Eq. (3)
which.is merely.a truncated Taylor Serirs expansion.

AT
.

P-4

~ « ! ._...—i .-a—x— ! 1"' -—-X—82 2 >

Here X is the desired material constant, Ty is 100m temperature'and

_1/X(T,)8X/ 3T and 1/2X(’I‘ ) d X/ aT? are the first and Second:order normalized
temperature coefficients respectively., Where second order coeificients of the
material constants were not readily-available, Eq. (3) was iruncated.aftér the
first order term. Also, where direct'measurements of the temperature coefficients
of the-density were not available, these coefficients were calculated from the
coefficiefits of thermal expansion according to £4. (4) which is derived in Appendix B.

<
1 ; ~b711";—)‘%‘"= “['11*“22*“33]' )
- ’ -
> Here p is‘the density and o, are the cocfficients of thermal expansion.
The results of step I, that is complete material constant matrices for lithium
L, niobate, lithium tantalate, quartz and tellurium dioxide at 15°C, 259C and 35°C

(10°C, 20°C and 30°C .for TeOy), are tabulated in Appendix C.
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Step i1 consisted of. eomputin; the surface nvme)oc:tiu a3, 2.5’0:11-6
35°C using the results of step 1. The calculations were xade using 2. commr
program based on the work of Campbell and Jones (1368, 3970s and 197 0b).

The resuits . of step Il were then directly. snbntihlled into Eq., v]] h‘w deter-
mining the temperature coefficient of velocity. -
For most delay line, filter and other: sighal pmocessmg appliahoﬁs she actual
parameter of interest.is not the tempenmre coeffizient of vglocity but is in fact
ihe shange in delay time with temprrature Céollanc and Schulz, 1379). The first

ogdex;ﬂtempcnmre coefliciert of delay is given by Eq. (5).,,

12l

TCD = ——TI B £ ’ -

Herer =L}y s is the delay time and { is the distance between two material points.
" The témperature coefficient of delay ;s related to the:temperature créfficient

‘of velocity through the coefficient of thermal expansion, ..

av

1o, _1.' 2 Ly iaL_ Lls .
aT v ) I‘(V teT Vg 21 (6a)
. dv
197 1 s -
TIT TV, BT {5b)

Note that the appropriate value of ~
orientation being considered since-the matrix of the coefficient of thermal expansion
is anisotropic. The proper value of-a is-obtained by rotating the basic matrix

through the appropriate Euler angles (Goldstein, 1970) and combining in the Standard

manner simifar to the methods used in rotating the elashc, piezoelectric.and

in tiis equation-depends.very much on the

dieleciric.constants for velocity calculations .(Campbell and Jones, 1968).

For the purposes of this report, Eq. (6) was usad directly for calculating TCD
by using the previously determined approximate value of TCV along with the ap- -
propriate value of . ’

3. DATA

The purpose of this.section is to present a tabulation (beginning on.page 9) of
the temiperaturc coefficients of velocily and delay for a wide variety of cuts and
orientations of LiNbOj;, LiTaOj3, quariz and tellurium dioxide. In addition, the sur-
face wave velrcity, the-coupling parameter, Av/v (Campbell and Jones, 1968 and
1870b), ard the electromechanical power flow angle, $ (the deviation of the time
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average power flow from ‘the phase velgcity
vector) are presented’on facing pages: This
information-aliows the device designer to
choose a given-material ofrientation with full
knowledge of all applicabie parameters includ=
ing coupling of electromagnetic to-acoustic
energy, pure mode axes {directions.for which
$ = 0) and the eifect of beam steering
{Slobodnik et al, 1970 anc Siobodnik and.
Conway, 1970b). Use of electromechanical,
-power flow rather tha.it:thé ineomplete mecha-
nical'power provides greater accuracy than
previously availatlé (Slcbodnik and Conway,
1670a), '

The origntations tabulated are ouantitatively
-defined-uzing the Euler angles lamipda, muand
theta as explainied in Figure 1. The standard
cuts and orientatiorns.are shown in Figure 2a to
o along'with their corresponding Euler-angles.
Many nurn-+standardiorientations have alsobégen
investigatéd in the attempt-to discover zero or
minimum-values of the temperature coefficient.
of.delay. These orientations are.identified only
by their-Euler angles. The use of "rotated
constants" allows further fiexibility in the in-
vestigation of off~axis orientations (although
round-off errors are somewhat greater in com-
putation of temperature coefficients): In these
cases the propagation axes 1, 2 and 3 do not
initially line up with the crystalline axes X, Y
and Z but rather with those crystalline or‘enta-
tions resulting from a breliminary Euler angle
rotation through the '"rotated constant" angles.
for further details of this notation the reader
is referred to Appendix D.

Finally it.can be noted that, wherever
possible, the data tabulated in this section was

Figure 1. Coordinate System
Used to Define AcousticSurface
Wave Propagation. The:phase
velocity vector lies-along the
I axis while the plate norinal
lies along the negative 3 axis.
The crystalline axes are given
by X,Y, and Z while the Euler
angles are A, u, and 0 (after
H. Goldstein.in Classical
Mechanics).

compared with previous theoretical: and experimental resulis (Schulz ¢t al, 1970;
Holland and Sehulz, 1970; Welsh, 1971; Lewis et al, 1971; ard Schulz and Holland,
1971). In.all.cases reasonable agreement was obtcined.
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4. SUMMARY SND CONCLUSIONS

Anatyuis of the data preseptea in gection 3 yields seseral inleresting surface
wave ari,cnh?.éns‘; the more-significant of which: are listed in Table 1. As expected
no z_@-rdéém;),erature coefficient of delay cut was found for LiNbO3. Kowever, very
fortuifously, the 41-1/2° rotated cut, X propagating orientztion (Siobodnix und
Conway, 1970b) previously deie:‘niine:_!“to yield exceilent, low loss, wide bandwidth
devices also possesses the lowest temperature coefficient of delay yet-found on
this maierial.

The biggest disappointment was LiTaO, since, contrary to expectations -nc
ze> temperature orientation was found here either. The.absoiute lowest value of
23 ppm wﬁs unfortunately associated with an orientation having some 1. 55° of beam
steering (Schuiz and Holland, 1971). As can aiso be seen from Table 1, the acri-
fice of several pax;ts per million-in temperature dependence yields two pure mode
axes orientations having velocities of 3300 m/sec. Both of these cuts also have
moderately high coupling (Av/v). The next to last orientation given in the LiTaO4
column is listed not for its low temperature coefficient but for its very high coupling
whichis:substantially higher than any previously known.

For an-exhaustive list of the zero temperaiure cuts of auartz, the reader is
referred to Scnulz, Matsinger and Holland (1970). Table 1 merely gives the
popular ST cut along with ZX orientation--not mentioned by-Schulz et al (1970).

It is-the two TeOy orientations given in Table 1 which show the most urusual
and perhaps the most powentially useful properties. Shown here for the first time
is a simultaneous combination-of zerc temperature .coefficient of delay, zers
power flow-angle, ¢ and ultra-low surface wave velocity. This last pronerty allows,
of course, long time delays in short spaces.and the consequent reductirn in size
and weight. The low coupling associated with these orientations will probably

require enhancement through thin films (Solie, 1971; Reeder et al, 1971; and
Smith, 1971) or surface wave-zeneration scheines other than interdigital trans-
ducers (Bertoni, 1969; Li and Yen, 1971; and Bertoni and Tamir, 1971). Inaddi-
tion, the high acoustic propagation loss (Ohmachi and Uchida, 1970) of TeQq will
probably limit its use to the VHF frequency range.




“ 0 0 ve 20000°0 | u8€1 - 072350 -
] . , 02L
0 0 ¥l ‘80000 °0 pebl - 6€ ‘06°06 -
o 0 P1 85000°0 8gTe = 0b/e-2¢10| XIS
ziaend)
) 0 B } ¥1 * 90000°0 092¢ - 000 Xz
0 69 zs- 6s00'0 | 6gEE - 0600 x°z ,
° 89 ‘ ch- ¥300°0 | 16f¢ §'02°22°0| 0°S'6L1°0 -
o) ¥ 62~ 0%00°'0 093¢ - 66°S°8L°0 - e
oRLIT
o 68 18- | €go0'0 | og3¢ - 06°06°0 Z°x
0 e L1 1 gpooo| cosg 5'92°22%0 0°€€‘0 -
A o _ 08 y2- L£00°0 | 00€g - §'611°06°06 -
o esT &2 L1- ge00'0' | g6ee - | eroses| -
‘ , o , pareioy
(] 36 88~ . 8920°0 £08¢ - 06°2/1-gL0| @1an0oQ
g/1-91
0 Ve 18- ipz0'0 | 88 - 06°06°0 Z°& Soant1
b ' L LG~ L030°0 000¥ - 0°2/1-1%'0 | X'2/1-1%
Qo | <
(oo | (oo fudhde ¢ | oo/t ke | “av | () Temmed | SR wonmusiao | sy
: $InD dARM 9dEJang xendod Lue SE [I9M Se }S9I9U] JO SUOREUSLIO
PIXDIAOOS(I-ATMON X0F L¥[a( pur-K3100[3 A JO Fluarozaoy-aanmeradung, jo vy Jo Srewwng 1 aiqelL
Y 0 v
i
—— ;ol;t), e i oo * N s - oo R
e Jrecva AT A . et - 5 s . o 3




oy

T R, o
o

€ A

e

o s €8 N ot AONY

~

o

: Acknowledgments

The author is deeply indebted:to B.J. Welch of :RDP, Inc. for his very
capab.e and extensive computer programming assistance. Without bim this re-
port could not kave been writtén. Mr. Welch was supported by the Analysis and
Simulation. Branch of AFCRL under contract and the author wishes to thank Miss
E. Cronin, Chief of that branch, and Mr. P. Tsipouras for their assistance.
The author also wishes to thank J.J. Campbell and W.R. Jones of the Hughes

Airecraft'‘Company for providing a copy of their basic velocity calculating program.

The author also gratefully acknowledges the programming assistance of R.W.
Mack and finally wishes to thank M. B. Schulz of the Raytheon.Company for bring=
ing the mateérial T802 to-his attention.

Preceding page blank




P

e

> T

Ty e e e~

«

g

Voo

P S A
Yo

B

o

References

Bechmann, R., Ballato, A.D., and Lukaszek, T.J. (1962) Higher-order tempera-
ture coefficients. of the elastic stiffnesses-and compliances of alpha-quartz,
Proc. IEEE 50 1812-1322,

Berlmcourt, D.A., Curran, D.R:, and Jaffe, H. (1964) Piezoelectric and Piczoe-
magnetic Materials and Their Functjon in Transducers, Physical Acoustics
1A: 169-270, New York, Academic Press.

Bertom, d. L. (1969) Piezoelectric Rayleigh wave excitation by bulk wave scatter-
ing, IEEE Trans. Microwave ’I‘hcory and Tech. MTT- 17 873-882.

Bertoni, H. L. and Tamir, T. (1971) Hbﬁh Efﬁmency Wedge Transducers, Paper
P-5, IERE Ultrasonics Symposium, Miami, Florida.

Bush, H.J. (1971) Synchronization and Generation of Coded Sequences With
Acoustic Surface Wave Techniques, RADC-TR-71-168 Technical Report, Rome
Air Development Command (AFSC).

Bush, H.J., Entzminger, J.N,, and Richard, W, (1970) A Synthesis of Coherent
Frequency~Hoppec, Phase Modulated Wavefox ms by Acoustic Surface Waves,
Invention Disclosure RADC No. 7022,

Carr, P.H., DeVito, P.A., and Szabo, T. L. {1971) The effect of temperature
and doppler shift on the performance of elastic surface wave encoders and
decoders, IEEE Trans. Sonics and Ultrasonics (to be published).

Campbell, J.J. dnd Jones, W.R. (1968) A method for estimating optimal crystal
cuts.and propagation directions for excitation of piezoelectric surface waves,
IEEE Trans. \.mics Ultrasonics SU- '1\,&209 -217.

Campbell J.J. andg Jones, W.R. (1970n) Propagation of surface waves at the
boundary beween 2 piezoeleciric crystal and a fluid medium, ID"‘L Prans,
Sonics Ultrasonics SU- 17 171-76.

Campbell, J.J. and Iones, ‘W. R, (1970b) Propagahon of piczoelectric surface
waves on cubic and hexagonal cr ystals, J.A.P. 41 2796-2801.

Golaustein, H. (1970* Tlassical Mechanics, New York, Addison-Weslsy,

Praceding page blank




LN

Dbl ¥
Y Lol

NAR TP ST
PRI
BTN

o

TN vy
- LR

i

LS

ERF S RN

ey

100

Holland; M.G. and Sﬂhulz, M. B. (1970} Temperature -effects. in-surface acoustic
wave.devices, Nerem Record: 18-19. .

Lewis, M.F., Bell G., and Patt@rson, E. (187 I)Temperature».dgf)éndggce of
surface elastic wave delay-lines, J WA, P. 42'47b-‘477.

Li, R. C.M. and Yen, K. H. {1971) A Sim le Method for Efficient:Excitaticn of
Surface. Aoougtw Wavegu.des, Paper D- 3. IEEE Ultrasornics Symposium, Miaini,

Florida.
Ohmachi, Y. and Uctuda N: (1970) Temperature dependence-of elastic dielectric,
and piezoelectric: consmnts in TeOg single crystals, J.A.P. ‘41 2307-2311. .

Reeder, T. M ‘Kino, G S.., and Ada.ms, P.L. (197 1) Enhancement of piszoelectric
surface-wave couplifig by thin-film perturbations,. -Appl. Phys. Letts, }&279 -280.

St.nulz, ‘M. B. and Holland, M.G, (197 1) Temilerature dependence of surface -
acoustic wave-velocity in lithium tznislite, ;EEE Trans. Somcs and Ultrasomcs :
SU-}/& {to.be published).

Schulz, M.B., Matsinger, B.J.,, and Holland M. G, (1970) Temperature depend-~
ence of: *surface acoustic wave velocity on a quartz, g_A_l‘-:_ 41 2735-2764,

Slobodnik, A.J., Jr. (1972).Microwave Acoustlcs Handbook Vol. 1A Surface Wave
Velocities (to be published).

Slobodnik, A.J., Jr., Carr, P.H., and Budreau, A.J. (1970) Microwave frequency
acoustic surface-wave loss mechanisms on LiNbO3, J.A.P. :‘1’&;4380-4387‘.

Siobodnik, A.J., Jr. and Corway, E.D: (1970a) Microwave Acoustics Handbook, .
Vol. 1. Surface Wave Vidcidies, AFCRI..PSRP 414.

Slobodnik, A.J., Jr. ar #tlonway, E.D. (1970b) New high-frequency high-coupling
low-beam-steeriny - fot acoustic surface waves on LiNbOj3, Elect: Leits.
6 171072,

Slobodmk A X, Ja and Conway, E.D. (1970¢) The Effect of Beam Steering ot
the Design-of Microwave Acoustic Surface Wave Devices, G- -MTT Internatlonal

Microwave Sy:nposium Dlgest, 314-318.

Smith, R.T. and'Welsh, F.S. (1971) Temperature dependence of the -lastic,
p1ezoe1ectr1c, and dielevtric constants of lithium tantalate and-lithium niobate,

J.A.P. 42 2219-2230.

Smith, W, R (1971) Coupling efficiéncy estimates for acoustic surface wave
excitation with piezoelectric film overlays, J.A.P. 2 3016-3018.

Sclie, L.P. (1971) Piezoelectric acoustic surface wavesffor a film on substrate,
Appl. Phys. Lett, ‘w\ 111-112.

Warner, A.W., Onoe, M., and Coquin, G.A, {1967) Determination of elastic-and
:;plezoelectric constants for crystals in class-(3m), J.A.S.A. ’;4,"2\:1223-123,1.
Welsh, F.S. (1971) Surface wave temperature coefficients on lithium tantalate,

IEEE Trans. Sonics Ultrasénics SU- 18 108-109,

Zelenka, J. and Lee, C.V. (1971) On the temperature coefficients of the elastic
stiffnesses and. compliances of 2lpha-quartz, IEEE Trans. Sonics.and Ultra~

sonics SU-18:79-80.
—_— AW




A st i

R TS

H

~

e

RS |

[

- < - > iz
B o sew -
R 4 S ey v -

- N e e = e

. - 501

Appendix A

Material Cozstants. and Their Temperatsée Coefficicnts

This appendix presents the material constants, the normalized temperature
coefficients of the material consiants, and'the temperature coefficients of thermal
-expansion for LiNbO4, LiTaCy, quartz and TeOp. All of the values for LiNbOg3
and L{TaO3 were taken directly ffom Smith and Welsh (1971) except the tempera-
ture coefficient of depsity which was calculated-from the coefficients of thermal
expansion using tbe technique outlined in Appendix B. The values for quirtz were
taken directly irom either-Beckmann et al (1962) or from Zelenka and Lee (1971).
The values-for TeO;, were taken from Ohmachi and Uchida (1970).

It should be noted tnat the velocity, &v/v, and power flow angle caiculations
of Section 3 for LiNbO3 and LiTaOgz were taken from the Microwave Acoustics
tiandbook (Slobodnik, 1972).and therefore were made using the material constints
given by Warner et al {1987).
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Table Al. Temperature Coefiiciantz-of Material Constants. Material: LiNbOj; -

Crystal Group: 3m; References: Smith and Welsh (1971).

Room Temperature

‘Normalized ‘Terdperature Coefficients

(25°C) P = T
Value-cf Constasnt, I; 1;5;? Order, m;,c%g(;cOrder
X o= g ¢ ez
. ' o } X BII' 1 ) 2x,3T2 2
1B zoomox 10T N/m? | -nax1074/0c -
, ef, ] 0.573 -2.52 ~ -
)E 1 ( ° y - t -
. ¢y | 0:752 1.59 .
7 Elagti(: ‘E e M
Constantsy ¢ 14 0. 085 =2, 14 -
E |, - -
cpq 27424 -1.53
B . ‘ , ;
‘ Cyq - 0.595 -2.04
’ E
cpg | 0-7285 -1.43 -
ey5 | 3.76:C/m? 147 =
Piczo- | e, |2.43 0.79 -
« glectric : . B}
Constants., €3y 0,23 2.21 -
; egq | 1.33 ) 8.87 =
1 s o=l )
Dielectric] €11 | 392 %10 #/m 3.23
Coristants S
€33 24,7 6:27 -
L. 3 3 .
Density | p 4.64 x 10° kg/m -0. 383 -

‘Table A2, Temperature Coefficients:of Thermal Expansion. Material: LiNBOg;

Crystal Group: 3m; References: Smith and Welsh (1971)

Temperature Coefficients

(259C)

First Order

Second Qrder

Thermal
Expansion

0.075

0.154 x 10"%/oc

-0. 077

0..053 ¥ 107/(°C)?
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Table A3. Temperature Coefficients-of Material Constants. Material; LiTaOs;

Crystal Group: .3m; References: Smith and Welsh-(1971) -

-

Room Temperature

72

Normalized Temperature Coefficients

(259C) - -
Value of Constant, ll'tgg(txorder, Stlec%%c)i(Order
; X - X 2T - 21 X2 22
y » B / aT
- | cf [ 2208 x 101 N/m? | -1.03x107%/% | 0.77x1077/Cc)?
E 1 0.440 -3.41 -1..18
. | o . .
' E, | 0.812 -0.50 6..00
B | o ¥ .
coastic | ¢, |-0. 104 6. 67 16.7
l - E .
) cgy | 2798 -0.96 . -3.21
, E .
cF, 1 0.968 - -0.43 1.67
-A"“
E _ .
) g | 0929 0.47 i.24
e | 2.72 C/m? -1.32 -7.17
Piezo- €99 :f 1. 67 ~0. 60 -6.28
electric
Constants €3y -0, 38 0.87 51.8
egq | 1.00 1.54 1.41 |
Dielectrie | €ag | 377 x 1071 F/m 3.29 4.28
Constarits /| o 5
e, | 31,9 11.6 78.-0
33 )
| Density | p | 7.454.x 103 kg/m3 | -0.363 -

Table A4, Temp- ature Coefficienis of Thermal Expansion. Material: LiTaOg;
Crystal Group: 3m; References: Smith and Welsh (1971).

Temperature Covfficients

(259Cy

First Order

‘Hecoad Order

Thermal
Expansion

Agq 0.041

0.161 x 10™4/oC

0. 070 x 1077/ °C)?

-0.100
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Table A5, Temperature Coefficients of Material Constants. ‘Material: Quartz;
Crystal Group: 32; Refercnces: Bechmann et al (1962) and Zelenka and Lee

.Room Temperature
(25°C)

Value of Constants,
X

3 v

o

Normalized Temperature Coefficients

First.Order,
13X _ .

X oT 1

' Secogd Order
-1 8%X o
2X 2 r2 2

* 8.674 x 1010°N/m?
9. 699
1.191

-1.791

T 5.794

3.9875

0,443 x 107%/0c
-26. 90
-5.50
1.17
-1.60
-1.754

1. 876

- ¢

-34,92 x 10~6/0C

-15.9 X 10'9/(00)21

2.65 x 10° kg/wm3

Table A6. Temperature Coefficients of Thermal Expansions Material: Quartz;
Crystal Group: 32; References: Bechmann et al (1962).

Temperature Coefficients

(25°C)

First Order

Second Order

7.48

13.71% 1076/°C

2.9

£.5 x 1072/c)?

§! (1971).
»
{
2 B -
°n
E
12
E
- ) c13: .
i | Elastic E
o [ Constants 14
E
. €33
i , E
c
” 44
&
cE
66
A Density p
L.
£
B..
e
i
. Thermsl
Expansion
3
&
E
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Table AT7.. Temperatu

Crystzi“Group? 422; References: ©hmachi and Uchida (1970).

105

re Coefficients of Material Counstants. Mateérial: TeOy;

| Room Temperature ; ‘ ‘Normalized Temperature Coefficients
Valug o(f%f-‘—g{*o't ) First Order, - Secogd Order
.‘,,V},;uue---,!ez _l_g_)_(_za _I_,\GX_‘;‘
_ - X 1 2X 2 2
B ¥ s.57x10'0N/m? | -2.70x 1049 -
E
cy | S5-12 -3.28 -
e | 2.8 -0, 54 -
|  Elastic E 0 - _ .
| Constants:| “14
Cgg |10.58 -2.81 -
E
Cyq | 2-65 -0.73 1
g |« 6-59 -?.38 -
, o | L a3 3 60
Density o 5.99 X 10” kg/m -46.6%X 10 °/°C -

Table A8. Temperature Coefficients of Thermal Expansion; Material: TeOg;
Crystal Group: 422; References: Ohmachi and Uchida {1970).

Temperature Coefficients

(20°C)

First Order

Second Order

Thermal
Expansion

@gq 6..6

20.0 % 1078/0C
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Appendix B

The' Temperatuic -Coefficient of Density

The temperature coefficient of density can be obtained from the coefficients

of thermal expansion as shown below,
By definition the density is the raass per unit volume

M -1, -1, ~1 .
p{T) = s =ML, L, L, (B1)
T r "2 "3

where-£ v 12, and 13 are unit lengths alodg_ the X, Y and Z’crystailine axes, res=-
pectively. M i5, of course, the mass., Taking the derivative of Eq. (B1) yields

-1, %1 S |
oL, 1 Y
P -1 Y2 *3 -1, -1 1
£ F— tMig 3 —g (B2)

T * MYy 5T

or
-1 .1 -1
a1 o1 a1
9 _ap-1,-1 573 -1,-1 %2 -1, =1 1
-5‘;,—-1\411 b, =Hp— FMEg L pE b ME, i oIt (B3)
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g This is also equivalent to

P B - L T P 3;73 e I i—!,l?-- Mlz.ll;it 2 %’:. (B4).
Grouping terms yields

ot AR SR ] =

i Thus ' ) o

;i 51-%%' s - [_11_]%1.'11‘_ + 71;:2;—,% + '11; i;—"i ] . (86)

Or by definition of ti.e thermal expansion coefficients

1 . L .
- ‘ e [“11*“2_2"“33] : (B7)
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Appendix C

Material: Constants at 15°C, 25°C and 35°C

This appendix presents, in-tabular form, the independent material constants
of LiNbO3, LiTaOj3, quartz and TeOg at 15°C, 25°C and 30°C (10°C, 20°C and
30°C for TeO,). These quantities were computed using Eq. (3) along with the
temperature-coeéfficients listed in Appendix A.



%

110

Table.C1. Independent Efastic (in 101 N/m ) Dxelectnc (in 10

F/m).

and Pxezoelectx ic (m C /mi) Constarts-of LiNbO3 at Various Temperatures:
Density: (in 103 kg/m )'is 2lso included. Complete matrices can be
obtained using the symmetry of crystal group 3m {aéefor example

Berlincourt et al, 1964).

Temperature

- Conetant 15°C 25°C 35°C
cfl 2.03353 2. 030 2. 02647
c’fz 0.574444 0.573 0. 571556
ol 0.753196 0.752 0.750804
ci 0. 085182 0. 085 6. 084818
‘ E
o 2.42771 2.424 2.42029
E .
<, 0.596214 0.595 0.593786
[2¢]
Q E
Z oo, 0.729542 0. 7285 0.727458
w1
€5 3. 75447 3,76 3.176553
epp 3.42808 2,43 2.43192
esy 0.229492 0.23 0. 230508
egg 1, 31820 1.33 1. 34180
Gsn 37.0734 39.2 39. 5266
gg 94,5451 24.7 24. 8549
0 4.64178 4. 64 4.63822
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Table cz, Iudependem Elastic (in 10 N/ni 1, Dielectyic (in 1071 F/m),
and- Piezoeélectric (in; C[mz) Constarnits of LiTaO; at Various Temperatures.
- Densn.y (in.103 kg/ m3) is-alsc-included. -Complete matrices can be ob-
£ ‘tained Using-the symmetry -of crystal group 3m (see for example
¥ :Berlincourt et al, 1964),
3
g— - el — o . e o
E » oy o e s -
E - Temperature
1 | Constant : 15°C ; 250C 35°C
= i i e B 2 ~ —
? . €11 -~2+30038 . 2.298 2.29565
b . . :
E- : ) ¢ 12 al 0.441495 0..440 0.438494
= - :
Ea;/ -~ , E ’ I
f 13 ; *0. 812455 0.812 ’ 0.811643
e
} E
- Cia -0. 103324 -0. 104, ~0. 1047110 |
: crs. 2.80060 2.708 2.179522
c"4:4 0. 968432 0. 968 0. 967600
(3]
. o)
" K] €
: H Cgg 0.929448 0. 929. 0. 928575
1 a
€5 2.72340 2,72 2.71621
€no 1. 67090 1. 67 1. 66889
’ ' 3y ~0. 379866 -0.38 -0, 3805217
eqy 1. 08834 1.09 1. 09169
‘ ) 37.57176 /| 377 37,8256
!‘.
: 5y | sn.4se | 3n.9 © 38.3692
L p . 7.45671 7.454 7.45329
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Table C3. Independent Elastic (in 1021 N/m?), Dielectric i 107 /m),
and Piezoeleciric {inC/m<):Constants of-Quartz.at' Various Temperatures.

Density (in.10< kg/m3) is also included. Complete matrices ¢an be.ob-
tained using:the symmetry of crystal groups 32 (see for exan.ple
Berlincourt et al, "1964).

ram——

Temperature
: Constant 15°¢ 250C '35°C
o 0. 867784 0. 8674 0. 867016.
c"?z 0.071780 0. 0699 0..06802
clfs 0. 119755 0. 1191 0. 118445
clf_; -0. 178890 -0. 1791 -0..179310
c§3 1. 073715 1. 072 1. 070285
8 B \
5 cr, 0.580416 0.5794 0.578384
&
°16:6 0. 398002 0. 39875 0. 399498
ey - 0. 171 -
zeM - ~-0. 0406 -
s
611 - 3.92 -
s
633 - 4.1 -
o 2. 65002 2. 65 2, 64907
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Table C4. Independent Elastxc (in 10% N/m ), Dielectric (in 10~ F/m),
and Pxezoelecgl ic (in C/ m2) Constants of TeO, at Various Temperatures.
Density (in 10 kg/m3) is.algo included. Complete matrices can be ob-
tained using the symmetry of crystal group 422 (see for-example

Berlincourt et al, 1964).

TS T T

(58

Temperature
Constant 10°C 20°C 300C
c}fl 0.5585 0.557 0. 5555
011-:2 0.51368 0.512 0.51032
01133 0.218118 0.218 0.21788
E
ey 1. 0610 1.058 1. 0550
N E
o) ¢ 0.2€519 0.265 0.2648)
] 44 E
=
cg“s 0. 66189 0. 650 0. 65611
€14 - 0.216 -
S
Ell - 20. 1, -
s
633 - 21.9 -
p 5. 9928 5..99 5. 9872
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Appendix D

“Rotated Constants’ and Euler Angle Notarion

The meaning of the "rotated constant" Euler angle notation can best be
explained with reference to.several examples,

Figure D1 illustrates the standard starting coordinate §ystem in which the
propagation axes line up with the crystalline axes X, Y and Z, Thus, one can
follow how the standard Euler angle notation 0, 90, 0 refers to rotation-in the X2
plane, starting with a propagation direction along the X axis and a plate normal
along the -Y axis. This is the Y-cut plate illustrated-in Figure D2.

If, however, we first rotate througn the Euler angles 45, 90, 35.264 then the
1 axis, or propagation direction, is initially aligned with the [111] crystalline axis
and the 3 axis or plate normal would lie along the {170] crystalline axis. This is
illustrated-in Figure D3 which also indicates how further rotations can then be
accomplished from this starting point. The notation.used in the text to describe
this situation is illustrated in Figure D4.

Preceding page blank
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] i Y-CUT PLATE
- A o
30
6
E
4 S Y] =
; AT1O% CIRLCTION J
; / /E‘_‘ﬁ’——"ﬂ" -X //‘,5
. 7.
2 f" o / .
E
. Figure D2. Standard Notation for a ¥Y-cut
i Plate. Rotation of u through the angle of
; 90° aligns the plate normal with the (-Y)
a crystalline axis while the propagation
3 direction'remains along the X axis.
Further rotatisns in the planc of the plate
are then accoinplished through the angle 0
Figure D1. -Coordinate System
Usead to Define Acoustic Sur-
face Wave Propagation. The
phase velocity vector lics
along the 1 axis while the plate
normal lies along the negative
3 axis. The crystalline axes
arc given by ¥, Y, and Z
while the Euler angles are A,
v . u, and 0 {after . Goldstein
‘ -in Classical Mechanics).

e (,}
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Figure D3. Cootrdinate System
After Initial Rotation Through
the Euler Angles 45, 90, 35.204.
The phase velocity vector lies
along the 1 axis whilc the
plate line axis are given by
{111) and {110] while the
Euler angies for further rota~
tions from this slarting point
are A, u, and 7 {after H.
Goldstein in Classieal
\lechanices)
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Figure Di. Standard Kotation for a {110} -

cut'Plate. Initial rotation through the Euler
angies 45, 99, 35. 264 aligns the propaga-

tion directior with the {131} crystailine axis
and the piate normal with the [1T0] crystal-
line axis. Further rotations in the plane of
the plate are thien accomplisheé through the )
angle 0




